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ABSTRACTS

The modified Optical Phase Lock Loop, as suggested in this paper, considerably improve the performance of the
microwave signal generation technique over the earlier technique with the help of commercially available DFB
lasers with linewidth of about 4.0 MHz. This modified OPLL seems a realistic approach for generating reference
signal for future advanced communication systems with active phased array antennas. This opto-electronic
technique provides the advantage of low weight, small size, flexible, immunity to EMI and above low cost because
the proposed technique significantly reduces the requirement of narrow linewidth lasers. Moreover, it has been
observed that bulk and surface acoustic waves in the power and frequency ranges of a few mwW and KHz respectively
are capable of modifying both the cavity length and refractive index of the material of semiconductor lasers.

Keywords:- Optical Phase Lock Loop, phased array antennas, photo detector, Microwave Generator, Laser
modulator, Optical Amplifier, photo diode.

INTRODUCTION

Future generation space based communication syséeensequired to generate a large number of shaped
configurable and re-positional antenna beams fahesdations and mobile receivers. To meet thidlehge large

aperture active phased array antenna systems amsediebecause in this approach RF circuit-functiares

transferred to the antenna platform. High-densitgdration of these circuits is made possible Withhelp of GaAs
microwave monolithic integrated circuit technologiyhe antenna system will have a transmitting moduid a

receiving module with each of the elements or allsgraup of radiating elements. These circuits wébuire a

frequency reference to local oscillators in the-attays to have them frequency and phase synclenizg.l is a

conceptual representation of the technique [1-4].

Space based systems, where size, weight, poweumpii®n, and complexity are extremely costly comitiest

conventional distribution networks using semi-rigidaxial transmission line for reference signal§ miake the
system prohibitively heavy, bulky, and susceptibl@lectromagnetic interference. Also these eleaitlinks suffer
from considerable insertion loss. For example, tifgcal dimension of a coaxial cable is 0.355 cmdiameter
whose attenuation varies from 17.0 dB/10 meterf0aGHz to 170 dB/10 meters at 100 GHz. whereasdhah

optical cable is only 0.01 dB/10 meters. Moreotee, optical cables are small, flexible, lightweiglmd immune to
electromagnetic interference. Usually the optigak is passive in nature but the link can play ative role by
providing some form of control functions, like asljing phase delay to the microwave/millimeter waystems.
Naturally, a need has been felt for finding altérreato the electrical distribution systems basedtloe use of
optical/opto-electronic principles.
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To the knowledge of the authors, it appears thatetltare three ways of generating microwave/millenatave
signal using light wave techniques, viz., diredigection locked and indirectly synchronized teclueis; This is
illustrated in Fig. 2. The direct method is basedb®ating of two inherent optical sources. In tiisthod very
narrow line-width lasers are required. This systemmore costly, consumes more power and is largeimension
than commercially available DFB lasers having ttheamtage of potential optoelectronic integration.

Microwave
Generator

A J

Laser _ Optical Photo

Modulator Q Amplifier Detector

Fig. 1 Optical transport of microwave signals directly modulated fibre optic link

In the injection locked method, a microwave frequyemodulated output from a highly stabilized laseused to
injection lock a relatively wide line-width lasesing side band lock technique [1, 5, and 6]. Thiécally the idea is
charming but implementation is not easy. It is Wwattile to note that injection locking is stableahgh out the
whole locking range for low values of injection kirg ratio (ILR). For medium values of the ILR, thtable zone
of locking becomes very narrow and becomes stafd@maver the whole locking zone for very high atjen ratio.
This demands high power of the master laser. Magam both these systems external cavity lasersused. This
requires high mechanical stability — a conditiofficlilt to fulfill in satellites. Whereas the metthowe propose,
does neither require external cavity lasers nomasew line width lasers. This is based on a niedibptical phase
locking technique which is shown in Fig. 3.

1 System Configuration

Basically the proposed system works on the priecifl indirect optical phase locking using a modifieptical

phase locked loop (OPLL). Incidentally an OPLLhs bptical analog of an electrical/electronic pHask loop in

the sense that here the locking and locked soaneekasers (optical oscillators) instead of eleatroscillators in a
conventional phase-lock loop (PLL). It operatestba same principle as that of a PLL. The structfre¢he

proposed optical PLL (OPLL) is shown in Fig.4. Tlhep components are: Lasers, Photo-detector, Rietsetor,

Phase-modulator, etc. Although analytically equéwalto a homodyne OPLL, the heterodyne OPLL hasmgan

advantages, (1) The phase detector works at adneguwhich can be far lower than that of the laserd as such
well developed microwave phase detectors can be: (BpA narrow band pass filter can be used airtpat stage
of the phase detector. This rejects the dc drifthe phase detector and helps to improve the lstgnaoise ratio.

But if the bandwidth of the band pass filter is puaticiously chosen it contributes to the loop @gation delay that
deteriorates the loop performance in many ways.

The outputs of the transmitter laser and the VC&&rashining on the photo-detector, generate a sigatl at a
frequency corresponding to the frequency off satvben the two sources. This beat signal and theomeve
reference signal after being detected by the pHasector produce a phase error signal at the outptite phase
detector. The loop filter processes this signal mnodlulates the instantaneous frequency of the V&3@rlor slave
laser.
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Fig. 5.2 Methods of generating microwave signal.
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Fig. 3 Modified optical phase locking technique.
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Fig. 4: Modified Optical Phased L ocked L oop

To understand the operation of the system in singbigsical terms [7] let us assume to begin witht tie
instantaneous frequency difference as well as base difference between the two inputs to the pHasector is
zero. The output of the phase detector which ipgntional to sine of the instantaneous phase diffee is zero. If
the frequency or frequencies one or both lasercesuries or try to drift, this change of frequehefween the two
will be felt as a phase difference with respedhmreference signal and it will produce a voltageorrespondence
to a measure of the phase difference. This voltgtyeorrect the frequency of the VCO laser in sictvay so as to
reduce the error in frequency of the beat with eespo the reference frequency to nothing. The lisit to this
frequency error up to which the frequency of tlevsllaser can be controlled. This limit is called hold-in range.

As noted the heterodyne OPLL works on the sameciptim of an OPLL, but its performance in detail degs on
the properties of the various loop component paldity laser and photo-detector. This is explainedthe
following:

Laser: Although stimulated emission and feedback are #wshof laser oscillation, yet spontaneous emisisi@mn
inevitable aspect of laser emission. Each spontanewent causes a sudden jump of random and gsigtieei
electromagnetic field generated by the laser. ghiserates laser phase noise and the output figt)][&f a laser is
analytically represented as

E, (t) =+/2P, coqwyt + p(1)) )

where R is the detected average poway,is the angular frequency of laser oscillation gifis the random phase.
The corresponding noise frequency spectra are ctesized by white, flicker and random walk noises the two-
sided spectral densities are defined as

Spn () =S () +Sen () + S () )
where
K
an(f):ﬁ (22)
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5
Sm(f)=ﬁ (2b)

K
Srn(f):f_; (20)

where K and K are constants giving the strength of flicker fregey noise and random walk frequency noise
respectivelydv is the Lorentzian spectral width. Typically thediwidth of the commercially available laser ligs i
the range of 5 to 50 MHz. whereas that of the mienee source is on the order of 1.0 Hz. For a naaod medium
bandwidth system $(f) is used to design an OPLL.

Photo-detector: A laser beam of average powerdhining on a PIN photo-detector gives rise to ptmtrrent, the
average value of which is given by

| o = RP, (3)

where R is the responsitivity of the detector. Theput of the photo-detector is contaminated witlise, the
principal components of which are shot noise, dankent noise and surface leakage current noiset Bise is
generated due to statistical nature of generatioihcallection of photo-detectors. Dark currentesifrom the holes
or electrons that are thermally generated at théupation of the photo-diode. Surface leakage aurreise is
dependent on surface defects, surface area ansdiiage.

2. System Equation
With reference to Fig. 2, let us denote the outpfithe two DFB lasers of the system as

E, (t) = theoutputof theT, laser
= /2P codmt + a(t)) )

E,(t) = the output of the VCO laser after phase maiiloth

= 2P codws,t +B(t) + (t) + B(t)) )

where
Pr = power output of th&, laser
P, = phase modulator output power

a(t) = phase modulation due to phase noise offfHaser
L(t) = phase modulation due to phase noise of the D&& la

O(t) = phase modulation of the DFB laser by the phasector output
Vo(t), as a result of the instantaneous frequency clontro
{(t) = phase modulation of the DFB laser obtained assalt of application of the phase
detector outpu¥,(t) to the phase modulator.

Denoting the output of the microwave reference saas 2cas, t, it is not difficult to show that the phase dzte
output can be expressed as

Vo (t) = |y/PrP, R singt) + n(t)]
@t) = (0 — w, -, )t +a(t) - Bt) - 6(t) - w(t) (©)

R is the responsivity of the photo-detector, rhis load resistance of the photo-detector and s1(@) moise process
mainly due to shot noise. The spectral density isfgiven by

where
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Sn(f)=4eR(P, + Pr)r” ™

e being the electronic charge. Further,

dég

—=K V t

po ) (8)
and

Yit) =K Vo (t), 9)

where K, and K, are, respectively, the sensitivities of the |a€0 and the phase modulator.

Using (6) through (9), the governing phase equatfahe system is written in mixed notations

C(;(f Q-F(s)e” ST(K +sK )(21/P PRRrsmqo+n(t)) d? O(f (9a)

where F(s) = the loop filter transfer function,
Q=w —w, - wy.

The term & indicates the effect of the loop delay. (Putting

2K Rr/PyPg = K; ﬁ=rp and N(t) =— (9b)
Ky Rry/P,Pr
the equation (9a) can be written as
?f Q-KF(s)e™™ (1+ ST )[S|n¢1+ N(t)] + 3? (jf (10a)
Referring to (9b) and (7), it is seen that the sa¢density of N(s) is given by
Sn(f)= M (10b)

RP, P,

First Order & Delay

The governing equation is a higher order stochastiay-differential equation. The exact solutiomi known.
However, it has been observed that the delay nexdifie system behavior many ways. To audit howetsdlet us
consider a conventional first order OPLL (F(s)=Thus (cf. (10a))

?jf Q- Ksmgo(t—r)+—(a £)

Here it can be proved that for stability of the sesfree loop i.e. wherr = 5 =0is given by the following
conditions [7]

Q<K
0< K7 cosg _g (11)

[ Q
@ = arcsn{gj

In many cases, like ours, the effect of N(t) isligtigle compared to that of phase noise. Therefthre,variance of
the phase error for a delay-less OPLL

where
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2
o =j_m|st [a(A) - B(P)] s:ja)df

That is

2 _ ov
o, = 277? . (12)

Thus it seen from (11) & (12) the phase error cam@oreduced by increasing the value of the lodp ¢«), the
n .
highest value of which is set by the stability cibiod, (cf.(11)) namely,z— with Q = 0. In the following we will
T

examine how the inclusion of the phase modulattpshi® overcome this difficulty.

3. Stability of the Proposed OPL L

For the loop to act as a reference signal soutamust satisfy the condition of deterministic sti#pias well as

stochastic stability. For deterministic stabilitie loop parameters are to be fixed in such a Wwaythe loop does
not break into oscillations in a noise-free envimemt. Whereas stochastic stability means thatdbp Hoes not
often steps out of synchronism due to random flatidu.

a) Deter ministic Stability

It is known that the introduction of a delay elemigna phase locked loop modifies the behavioheflbop in many
ways. Of them the most serious is the phenomendalgd or spurious locking, in which the loop slipto false
locking instead of locking to the instantaneoussghaf the reference signal. Nonlinear analysishaf lmode of
operation of a heterodyne PLL (i.e. when the plaser is large) is both time and space consumingredver in
this context, when the phase error is small, wasthwhile to look into the stability of the lineéaed loop. We thus
refer to the closed loop transfer function (H(s)3l aewrite it as

G(s)
H(s)=———— 13
) 1+G(s) (13)
where G(s), the open loop gain of the PLL, is gilagn
G(s) =KF (s)(1+ srp)exr(— sr)/ S. (14)

It is known that the system becomes unstable ifabes of G(fv) passes through or encloses the point (-1+j0hén t
complex plane, the x and y-coordinates of the p@spectively refer to the real and imaginary paft&(jw). That
is, for stability of the loop operation the follavg conditions need to be satisfied [8-10]

0G(ja)=-n, (15)
and |G( j w)|<1. (16)

Therefore, referring to (14), (15), (16) and taking
F(s)=(1+sr2)/s1;,

one finds that
tan*(wr, ) + tan'l(a)r D ) =awr 7

K2(1+ w2r§X1+ a)zr%)

<1 (18)
wtr?
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K
Taking £ = 0707 and puttingd,% =—, 2§ =w,T,, itis easily shown that

Iy
@+ 222)[1+ z° (a)nrp )2_
7 =<1 19)
2
tan(2z)+ tan‘l[za)nrp = 2w 1), (20)

where
Z= (w/a)n ) :

For a standard second order loop WYtB =0, the critical value ofw, T for loop stability can be easily found by

equating the left hand side of (18) to unity tadfihe value of z, which when substituted in (1@dketo the required
value of W, T . Thus,

24 =222 +1

ie. z=41+4J2 =154

Using this value of z in (20), one arrives at

w,T = 0736 (21)

Now for the case Wheﬂfp # 0, we write (17) for the critical condition as

222 o 2, )=

y* +y2 (2+(wnrp)z)—(l—Z(wnrp)z):O . (22)
where
y=1/z.

From (21) and (22) one can easily calculate thaevalf z for different values o&)nrp, which on substitution in

(20), leads to the required value @},T . The variation of the maximum value 69,7 againsta)nrp is shown in
Fig.5.3.

Thus from (21) and Fig.5.3 it is concluded that w&thb4% increase in the value @d,7T (i.e. 0.98 compared to

0.73) is possible Witha)nl'p = 0.4. That is, for the same value of the loopurstfrequency the loop can
accommodate a larger value of the loop delay withlmowing the loop into unstable operation.

b) Stochastic Stability
Note that although the PLL has been assumed todokirvg in the linear mode by virtue of the smallsrerror (2-

2°), the PLL slips cycles (i.e. the phase error & BLL at times exceeds/ 2. This happens because the phase
fluctuation is a random process, and thus theravisys a certain probability that the phase erray raxceed

71/ 2 radians. The exact analytical expression for evagahe average timéTaV) between such events cannot be

found in this case of a second order PLL with delgwever, the exact expression is available fdelay less first
order PLL [7-10]. And for a delay less second orleL, certain experimental results indicate that éxpression
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for T,, of a delay less first order loop can be appliedyigled the corresponding expression for the loapdavidth
is used. The authors also feel that this concapbeaapplied to a loop with time delay. Thus wetevri

rexpg -2
&z
Tav :T (23)
n
where
By = [ [H(jf ) of (24)
and

o =2 UL

g o2 df (25)

27
Note that in writing (25) we have ignored the effet shot noise. Putting—— = Y in the expression for H(s) we

Wn

rewrite (24) and (25) as

B, = fnJ-:|H(jy)|2dya (26)
and

.\ 2
» 20v w[1-H(jy)

Op= o J'O 2 dy , (27)
where

1-H(jy) = (28)

—y2 + L+ jW2yfi+ jwnrpy)exd- jyenr)

Replacinguy, by the frequencw, at which the open loop gain of a second order ORidumes 0dB gain, i.e.,

@y =t (29)
1+/2
and taking the value of,Jas 10 yrs, a value sufficient to give reliable rapien in a practical OPLL [11], we get,
Ay = — 4.0438f, . (30)
I H'y(;y)|[19.37+ |n( [ H( jy)|2dyﬂ

This is the maximum value of the summed line wifithreliable operation of the OPLL. Note also thiz¢ Eqn.
(30) gives the maximum value of the summed linethvtd achieve the desired receiver performance.

The dependence of the line width on the loop deliag how it can be controlled through a phase madoiukre
shown in Fig.4 and Fig.5. From these figures easily appreciated, the proposed system can lilg bagt with
the help of commercial lasers with line widths riagggoetween 5 MHz and 50 MHz.

CONCLUSION

The modified OPLL, as suggested, considerably iwgrthe performance of the microwave signal germmati
technique over the earlier technique [2] with tledgphof commercially available DFB lasers with lindth of about
4.0 MHz instead of 80 KHz of [2]. This modified OPlseems a realistic approach for generating reteresignal
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for future advanced communication systems withvacpphased array antennas. This opto-electronicnigal
provides the advantage of low weight, small sizexilble, immunity to EMI and above low cost becauke
proposed technique significantly reduces the requémt of narrow linewidth lasers. But it needs @e&control of
ambient temperature because typically the frequahange coefficient is around 3.5 MH2/®Aoreover, it has
been observed that bulk and surface acoustic wisvése power and frequency ranges of a few mW aitt K
respectively are capable of modifying both the galéngth and refractive index of the material efrsconductor
lasers. These changes have negligible effectseomténsity of laser output but causes frequencgutadion of the
optical carrier frequency [12]. Thus mechanicalcthand vibrations may affect the preference.
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